Background-We investigated the effects of cardiopulmonary bypass (CPB) on peripheral arteriolar reactivity and associated signaling pathways in poorly controlled (UDM), controlled (CDM), and case-matched nondiabetic (ND) patients undergoing coronary artery bypass grafting (CABG). Methods and Results-Skeletal muscle arterioles were harvested before and after CPB from the UDM patients (hemoglobin A1c [HbA1c]ϭ9.0Ϯ0.3), the CDM patients (HbA1cϭ6.3Ϯ0.15), and the ND patients (HbA1cϭ5.2Ϯ0.1) undergoing CABG surgery (nϭ10/group). In vitro relaxation responses of precontracted arterioles to endothelium-dependent vasodilators adenosine 5Ј-diphosphate (ADP) and substance P and the endothelium-independent vasodilator sodium nitroprusside (SNP) were examined. The baseline responses to ADP, substance P, and SNP of arterioles from the UDM patients were decreased as compared with microvessels from the ND or CDM patients (PϽ0.05). The post-CPB relaxation responses to ADP and substance P were significantly decreased in all 3 groups compared with pre-CPB responses (PϽ0.05). However, these decreases were more pronounced in the UDM group (PϽ0.05). The post-CPB response to SNP was significantly decreased only in the UDM group, not in the other 2 groups compared with pre-CPB. The expression of protein kinase C (PKC)-␣, PKC-␤, protein oxidation, and nitrotyrosine in the skeletal muscle were significantly increased in the UDM group as compared with those of ND or CDM groups (PϽ0.05). 
C ardiopulmonary bypass (CPB) is widely recognized to induce a systemic inflammatory response that leads to various degrees of organ dysfunction in multiple systems. 1 For instance, CPB is associated with reduced vascular resistance in the peripheral microcirculation, which can lead to systemic hypotension and subsequent organ/tissue malperfusion. [1] [2] [3] [4] We and others have observed that CPB impairs contractile responses of peripheral arterioles to phenylephrine, endothelin-1, and thromboxane-A2, [1] [2] [3] and mitigates microvascular endothelial function. 4 -5 Diabetes is associated with increased risk of microvascular disease and with increased morbidity and mortality after surgical procedures. 6 -8 This is especially true in poorly controlled diabetic patients after open heart operations involving CPB. 6 -8 Whether glycemic control improves microvascular function in patients with diabetes after CPB and cardiac surgery is unknown. The goal of this research is to compare the effect of CPB on microvascular function among nondiabetic, well-controlled diabetic, and poorly controlled diabetic patients. Specifically, this study was designed to directly test the effect of CPB on microvascular responses of human peripheral arterioles to endothelium-dependent and endothelium-independent vasodilators and to relate these responses to possible alterations in endothelium-related protein expression/localization and gene expression in human peripheral vasculature and tissues.
Methods

Human Subjects and Tissue Harvesting
Samples of skeletal muscle from the left internal mammary artery bed were harvested before and after CPB from 100 patients undergoing coronary artery bypass grafting (CABG). Hemoglobin A1C (HbA1c) was measured in all patients. The patients were then divided into the following 3 groups: (1) those patients with a normal HgbA1c and no history or treatment for diabetes were considered nondiabetic (ND); (2) those patients with a history of diabetes with a HgbA1c Ͼ5.5 and Ͻ7 were considered controlled (CDM); (3) diabetic patients with a HgbA1c Ն8.5 were considered poorly controlled (UDM). Patients who also underwent valve surgery were excluded from the study. Patients with cross-clamp time greater than 120 minutes and/or CPB time greater than 180 minutes, the patient will be excluded in the study. Ten randomly chosen patients in each of 3 groups from 100 cases were finally included for analysis in this study. The pre-CPB specimen was taken after cannulation, and the post-CPB specimen was collected from a different location in the left internal mammary artery bed after removal of the aortic cross-clamp and weaning from CPB. Tissue samples for immunoblot analysis assay were immediately frozen in liquid nitrogen. Tissue for immunofluorescent staining was fixed in 10% formalin buffered solution for 24 hours followed by paraffin mounting and sectioning into 5-m slices. Tissue for microvascular studies was placed in cold (5°to 10°C) Krebs buffer solution. All procedures were approved by the Institutional Review Board of Rhode Island Hospital, Alpert Medical School of Brown University, and informed consent was obtained from all enrolled patients as required by the institutional review board.
Microvessel Reactivity
Skeletal muscle arterioles (90 -180 m internal diameters) from the left internal mammary artery bed were dissected from pre-and post-CPB tissue samples. Microvessel studies were performed by in vitro organ bath videomicroscopy as described previously. [2] [3] [4] [5] We have previously determined that human skeletal muscle microvascular responses to 5Ј-diphosphate (ADP) and substance P are endothelium-dependent and that the response to sodium nitroprusside (SNP) is endothelium-independent. 5 
Immunoblot
Skeletal muscle from 6 patients per group were dissected and cleaned of connective tissues, then solubilized in SDS-PAGE buffer. Total protein (40 g) was fractionated on an 8% to 16% SDS-PAGE gel, then transferred to a polyvinylidene difluoride membrane (Millipore Corporation, Bedford, MA). Membranes were incubated for 1 hour at room temperature with 1:200 dilutions of individual rabbit polyclonal primary antibodies to protein kinase C (PKC)-␣ and PKC-␤ (Santa Cruz biotechnology, Santa Cruz, CA). The detailed methods have been previously described. [2] [3] [4] [5] 
Protein Oxidation
Total protein oxidation in skeletal muscle samples was measured according to the manufacturer's recommendation (OxyBlot, Chemicon International, Inc).
Immunofluorescence Microscopy
The detailed methods have been previously described. [3] [4] [5] After PBS wash of skeletal muscle tissue sections, sections were incubated overnight with anti-PKC-␣ (phospho S657ϩY658), and anti-PKC-␤1 (phospho T642) (Abcam, Cambridge, MA) and nitrotyrosine polyclonal rabbit antibodies (Millipore Corporation, Bedford, MA), each used at 1:200) at 4°C.
RNA Isolation and Microarray Processing
The methods for RNA isolation and microarray processing were described in detail in the Online Data Supplement.
Microarray Analysis
The methods for microarray analysis are described in detail in the Online Data Supplement.
Chemicals
ADP, substance P, and SNP were obtained from Sigma-Aldrich and dissolved in ultrapure distilled water on the day of the study.
Data Analysis
Data are presented as the mean and standard error of the mean. Microvessel responses are expressed as percent relaxation of the preconstricted diameter. Microvascular reactivity was analyzed using 2-way repeated-measures ANOVA with a post hoc Bonferroni test. Clinical, Western blot, and Oxyblot data were analyzed by Kruskal-Wallis tests followed with Dunn multiple comparison test (GraphPad Software, Inc, San Diego, CA). A growth model was used to test the degree to which CPB (pre/post) and diabetes (ND/CDM/ UDM) affected the degree to which vasodilators induced relaxation, 
Results
Patient Characteristics
The patient characteristics are listed in the Table. All patients with preoperative hypertension were on antihypertensive medication (␤-blocker, aspirin, calcium channel blocker, or angiotensin-converting enzyme inhibitor). The preoperative blood HbA1c levels were 9.0Ϯ0.3 in the UDM patients, 6.3Ϯ0.15 in the CDM patients, and 5.2Ϯ0.1 in the ND patients.
Microvascular Reactivity
There was no significant difference in the baseline diameter of the microvessels among the 3 groups (ND: 158Ϯ11; CDM: 164Ϯ9; UDM: 150Ϯ8; Pϭ0.74). Vasodilatory responses to ADP and substance P comparing relative changes induced by CPB were similar within each group. The degrees of precontraction by the thromboxane A2 analog U46619 were 33Ϯ3% in the ND group, 31Ϯ4% in the CDM group, and 28Ϯ3% in the UDM group, respectively. The relaxation responses to ADP, substance P and SNP in the 3 groups were dosedependent both before and after CPB (Figures 1 through 3 ). There were no significant differences in the arteriolar responses to ADP, substance P, and SNP between the ND and CDM patients before CPB (Figures 1 through 3A , respectively). There were significant decreases in the arteriolar responses to ADP substance P and SNP of the UDM patients compared with those of ND or CDM before CPB (PϽ0.05, Figures 1 through 3A ). There were significant decreases in the vasodilatory response to endothelium-dependent vasodilators ADP (Pϭ0.001 for ND; Pϭ0.006 for CDM and Pϭ0.004 for UDM) and substance P (Pϭ0.003) after CPB compared with before CPB in all 3 groups ( Figure 1C through 1E and Figure 2C through 2E) . Vasodilatory responses to ADP and substance P comparing the relative degree of change induced by CPB were similar There were no significant changes in the vasodilatory response to SNP after CPB in ND and CDM groups compared with before CPB (Figure 3C and 3D) . In contrast, the post-CPB response to SNP in poorly controlled diabetic patients was significantly decreased compared with pre-CPB (Pϭ0.003, Figure 3E ). There was a significant decrease in the relaxation response to SNP of UDM patients compared with those of ND or CDM after CPB (Pϭ0.004 or Pϭ0.01, Figure 3B ). 
Effect of CPB on Levels of PKC-␣ and PKC-␤
The post-CPB levels of PKC-␣ and PKC-␤ were slightly but insignificantly increased in the CDM and UDM groups compared with pre-CPB levels ( Figure 4) . The pre-and post-CPB levels of PKC-␣ and PKC-␤ were also slightly but insignificantly increased in the CDM group than those of the ND group (Pϭ0.06 at pre-CPB and Pϭ0.07 at post-CPB). However, the pre-and post-CPB levels of PKC-␣ and PKC-␤ were significantly higher in the UDM group than those of the ND group (Pϭ0.008 at pre-CPB; Pϭ0.0001 at post-CPB, Figure 4 ). 
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Effect of CPB on Microvessel Distribution of Phosphorylated PKC-␣ and PKC-␤1
Immunofluorescent staining of skeletal muscle microvessels displayed a strong signal for phosphorylated PKC-␣ and PKC-␤1 localized to the microvasculature and stronger signals in post-CPB vessels compared with pre-CPB vessels ( Figure 5A ). The phosphorylated PKC-␣ and PKC-␤1 were localized to smooth muscle (orange) and endothelial cells (red) ( Figure 5B ). Negative controls documented a low level of background fluorescence and a strong signal of ␣-actin stained on smooth muscle (green, Figure 5A and 5B).
Protein Oxidation and Nitrotyrosine
Pre-and post-CPB protein oxidation in skeletal muscle was significantly increased in the uncontrolled diabetic group compared with ND or CDM groups (Pϭ0.02 versus ND of pre-CPB or Pϭ0.001 versus ND of post-CPB, Figure 6A ). Post-CPB protein oxidation was slightly but insignificantly increased in the all 3 groups as compared with their respective pre-CPB samples, respectively. Immunofluorescent staining of skeletal muscle microvessels displayed a strong signal for nitrotyrosine localized to the microvasculature and relatively stronger signals in UDM vessels compared with ND or CDM vessels ( Figure 5B ).
Effect of Uncontrolled Diabetes and CPB on the Gene Expression of Endothelium Markers
There were no significant changes in the gene expression of endothelial markers between poorly controlled diabetic and nondiabetic groups, before or after CPB. The data obtained from microarray analysis are summarized in Online Data Supplement (Online Data Supplement Tables I and II) .
Discussion
Diabetes mellitus is often associated with vascular and other complications in patients undergoing cardiac surgery. Recent clinical trials have reported that intensive glycemic control significantly reduces microvascular complications, such as retinopathy, nephropathy, and peripheral arterial disease. 9,10 In addition, aggressive perioperative glucose control is associated with improved outcomes after CABG surgery. 11 We have previously observed that poorly controlled diabetes impairs peripheral arteriolar responses to endothelin-1. 3 In the present study, using isolated skeletal muscle arterioles, we observed that poorly controlled diabetes but not wellcontrolled diabetes significantly impairs endothelium-dependent and endothelium-independent relaxation of human peripheral microvasculature as compared with nondiabetes. These changes may contribute to the less favorable postoperative outcomes after cardiac surgery in poorly controlled diabetic patients. We have previously reported that CPB is associated with reduced myogenic tone and endothelial function of peripheral arterioles. [2] [3] [4] [5] Recently, we have also found that expression of permeability-modulating proteins such as vascular endothelial growth factor /vascular permeability factor (VEGF/VPF) is increased in poorly controlled diabetic patients, and these changes are associated with increased edema formation and length of hospital stay. 12 In the present study, we further observed that poorly controlled diabetes worsens the recovery of endothelium-dependent and independent relaxation of peripheral arterioles after CPB.
PKC-␣ and PKC-␤ are 2 major isoforms of PKC family found in the smooth muscle and endothelial cells that are activated under conditions of hyperglycemia. 13, 14 Treatment with a PKC-␤ inhibitor improves endothelial function in patients with diabetes mellitus. 15 In the present study, we demonstrate that diabetes significantly upregulates PKC-␣ and PKC-␤ protein expression and activation in skeletal muscle microvessels, which may contribute to diabetes-related endothelial dysfunction of the human microvasculature. After CPB, expression of PKC-␣ and PKC-␤ in uncontrolled diabetes is still higher than those of nondiabetics or controlled diabetics, which may partially explain why CPB worsens arteriolar endothelium function in the uncontrolled diabetic group. Oxidative and nitrosative stress play an important role in the pathogenesis of diabetic vascular complications. Reactive oxygen and nitrogen species trigger endothelial cell dysfunction through multiple mechanisms. 16, 17 Consistent with these findings, we found that protein oxidation and nitrotyrosine were significantly increased in the skeletal muscle and microvessels of poorly controlled diabetic patients. CPB further enhanced protein oxidation and nitrotyrosine in the poorly controlled diabetic group. These increases in oxidative and nitrosative stress may also contribute to microvascular endothelial dysfunction in diabetic arterioles after CPB. Taken together, hyperglycemia, PKC activation, and oxidative/nitrosative stress may cumulatively participate in the microvascular endothelial dysfunction of diabetic patients.
We have recently found that differential gene and protein expression of growth factors and their related genes between the patients with poorly controlled diabetes and patients without diabetes. 12, 18 In this study, microarray analysis showed that neither degree of diabetes nor CPB was associated with significant changes in the gene expression of endothelial markers such as, cadherin, integrin, or platelet/ endothelial cell adhesion molecules.
There are several limitations of the current study that deserve mention. First, this work should be considered a pilot study, considering the relatively small number of patients and samples. Another limitation is the heterogeneity of the patients; even though they were reasonably well matched, there were differences in medications and the incidence of coexisting illnesses that may affect the findings. This is a limitation of all studies dealing with patients. Third, few clinical outcome data were presented. Fourth, the effects of insulin therapy might have also contributed to the recovery of microvascular function in patients with chronic, poorly controlled diabetes. Future work will be directed at correlating the microvascular and signaling changes with clinical outcomes.
In conclusion, poorly controlled but not well-controlled diabetes is associated with arteriolar endothelium-dependent and -independent dysfunction and worsens the recovery of arteriolar endothelial and smooth muscle function after CPB. Increased expression/activation of PKC-␣ and PKC-␤ and enhanced oxidative and nitrosative stress may cumulatively contribute to microvascular endothelial and smooth muscle dysfunction of poorly controlled diabetes. In contrast, wellcontrolled diabetes is associated with improved peripheral arteriolar function after CPB and cardiac surgery.
